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(54) Method and apparatus for manufacturing billets for thixocasting 



(57) Provided are a method and apparatus for con- 
tinuously manufacturing quality billets for thixocasting 
that have a fine, uniform, spherical particle structure, in 
a short time, with Improvements in energy efficiency and 
mechanical properties, cost reduction, convenience of 
casting, and shorter manufacturing time. The method in- 
volves applying an electric field to a domain (21 ) of a 



sleeve (2) defined by first (31 ) and second (32) plungers 
inserted through each end of the sleeve and loading a 
molten metal into the domain of the sleeve to form a 
semi-solid metallic slurry (51), moving the first plunger 
toward the second plunger to compress the semi-solid 
metallic slurry and form a billet (52) via cooling , and shift- 
ing the billet toward the second plunger to discharge the 
billet from the sleeve. 
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Description 

BACKGROUND OF THE INVENTION 

[0001] This application claims priority from Korean 
Patent Application No. 2002-58 163 filed on September 
25, 2002, No. 2002-63162 filed on October 16, 2002, 
No. 2003-3250 filed on January 17, 2003, and No. 
2003-1351 6 filed on March 4, 2003, in the Korean Intel- 
lectual Property Office, the disclosures of which are In- 
corporated herein in their entirety by reference. 

1. Field of the Invention 

[0002] The present invention relates to a method and 
apparatus tor manufacturing billets forthixocasting, and 
more particularly, to a method and apparatus for manu- 
facturing billets, for thlxocastlng, with a fine, uniform, 
spherical particle structure. 

2. Description of the Related Art 

[0003] There are two close categories of semi-solid 
or semi- molten processes: rheocastlng and thlxocast- 
lng. Rheocasting refers to a process of manufacturing 
billets or final products from semi-solid metallic slurries 
having a predetermined viscosity through casting or 
forging. Thixocasting refers to a process Involving re- 
heating billets manufactured through rheocasting back 
Into a metal slurry and casting or forging It to manufac- 
ture final products. Here, semi-solid metallic slurries 
consist of spherical solid particles suspended in a liquid 
phase in an appropriate ratio at temperature ranges for 
semi-solid state, and thus, they change form easily by 
a small force due to their thlxotroplc properties and can 
be cast easily like a liquid due to their high fluidity. 
[0004] Such rheocasting and thixocasting are more 
advantageous than general casting processes using 
molten metal. For example, semi-soiid or semi-molten 
slurries used in rheocasting or thixocasting have fluidity 
at a lower temperature than molten metal, so that the 
die casting temperature can be lowered in rheocasting 
or thixocasting, thereby ensuring an extended lifespan 
of the die. In addition, when a semi-solid or semi-molten 
metallic slurry fs extruded through a cylinder, turbulence 
Is less likely to occur, and less air Is Incorporated during 
casting, thereby preventing formation of air pockets in 
final products. Besides, the use of semi-solid or semi- 
molten metallic slurries leads to reduced shrinkage dur- 
ing solidification, improved working efficiency, mechan- 
Ical propertles, and anti-corrosion, and lightweight prod- 
ucts. Therefore, such semi-solid or semi-molten metallic 
slurries can be used as new materials In the fields of 
automobiles, airplanes, and electrical, electronic Infor- 
mation communications equipment. 
[0005] As described above, thixocasting starts with 
billets manufactured by rheocasting. In conventional 
rheocasting, molten metal Is stirred at a temperature of 



lower than the liquldus temperature while cooling, to 
break up dendritic structures into spherical particles 
suitable for rheocasting, for example, by mechanical 
stirring, electromagnetic stirring, gas bubbling, low-fre- 

5 quency, high-frequency, or electromagnetic wave vibra- 
tion, eiectrical shock agitation, etc. 
[0006] As an example, U.S. Patent No. 3,948,650 dis- 
closes a method and apparatus for manufacturing a liq- 
uid-solid mixture. In this method, molten metal is vigor- 

io ously stirred while cooled to be solidified. A semi-solid 
metallic slurry manufacturing apparatus disclosed In this 
patent uses a stirrer to induce flow of the solid-liquid mix- 
ture having a predetermined viscosity to break up den- 
dritic crystalline structures or disperse broken dendritic 

15 crystalline structures in the liquid-solid mixture. In this 
method, dendritic crystalline structures formed during 
cooling are broken up and used as nuclei for spherical 
particles. However, due to generation of latent heat of 
solidification at the early stage of cooling, the method 

20 causes problems of low cooling rate, manufacturing 
time increase, uneven temperature distribution in a mix- 
ing vessel, and non-uniform crystalline structure. Me- 
chanical stirring applied in the semi-solid metallic slurry 
manufacturing apparatus inherently leads to non-uni- 

25 form temperature distribution in the mixing vessel. In ad- 
dition, the apparatus Is operated In a chamber, thereby 
making It difficult to continuously perform subsequent 
processes. . 

[0007] U.S. Patent No. 4,465,118 discloses a method 
30 and apparatus for manufacturing a semi-solid alloy slur- 
ry. This apparatus includes a colled electromagnetic 
field application portion, a cooling manifold, and a ves- 
sel, which are sequentially formed inward, wherein mol- 
ten metal Is continuously loaded down into the vessel, 
35 and cooling water Is flowed through the cooling manifold 
to cool the outer wall of the vessel. In manufacturing a 
semi-solid alloy slurry, molten metal is injected through 
a top opening of the vessel and cooled by the cooling 
manifold, thereby resulting In a solidification zone In the 
40 vessel. Cooling Is sustained while a magnetic field Is ap- 
plied by the electromagnetic field application portion to 
break up dendritic crystalline structures formed in the 
solidification zone and to pull an Ingot from the slurry 
through a lower end of the apparatus. The basic techni- 
cs cal Idea of this method and apparatus Is to break up den- 
dritic crystalline structures after solidification by apply- 
ing vibration. However, many problems, such as com- 
plicated processing and non-uniform particle structure, 
arise with this method. In the manufacturing apparatus, 
so since molten metal is continuously supplied downward 
to grow an ingot, it Is difficult to control the state of the 
metal Ingot and the overall process. Moreover, the ves- 
sel is cooled using water prior to applying an electro- 
magnetic field, so that there Is a great temperature dif- 
55 ference between the peripheral and core regions of the 
vessel. 

[0008] Other types of rheocasting and thixocasting 
described later are available. However, all of the meth- 
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ods are based on the technical idea of breaking up den- 
dritic crystalline structures after formation, to generate 
nuclei of spherical particles, and arise such problems 
described in conjunction with the above patents. 
[0009] U. S. Patent No. 4,694,881 discloses a method 
for manufacturing thixotropic materials. In this method, 
an alloy is heated to a temperature at which all metallic 
components of the alloy are present in a liquid phase, 
and the resulting molten metal is cooled to a tempera- 
ture between its liquidus and solidus temperatures. 
Then, the molten metal is subjected to a sufficient shear- 
ing force to break dendritic structures formed during the 
cooling of the molten metal, so that thixotropic materials 
are manufactured, 

[0010] Japanese Patent Laid-open Application No. 
11-33692 discloses a method for producing a metallic 
slurry for rheocastlng. In this method, a molten metal Is 
supplied Into a vessel at a temperature near Its liquidus 
temperature or 50°C above its liquidus temperature. 
Next, when at least a portion of the molten metal reach- 
es a temperature lower than the liquidus temperature, I, 
e., the molten metal is cooled below a liquidus temper- 
ature range, the molten metal is subjected to a force, for 
example, ultrasonic vibration. Finally, the molten metal 
is slowly cooled into a metallic slurry, for rheocasting, 
containing spherical particles. This method also uses a 
physical force, such as ultrasonic vibration, to break up 
the dendrites grown at the early stage of solidification. 
In this method, if the casting temperature is greater than 
the Jiquldus temperature, it is difficult to form spherical 
particle structures and to rapidly cool the molten metal. 
Furthermore, this method leads to a non-uniformity of 
surface and core structures, 

[0011] Japanese Patent Laid-open Application No. 
10-128516 discloses a casting method of thixotropic 
metal. This method involves loading a molten metal Into 
a vessel and vibrating the molten metal using a vibrating 
bar dipped in the molten metal to directly transfer its vi- 
brating force to the molten metal. A molten alloy con- 
taining nuclei, which is a semi-solid and semi-liquid 
state, at temperatures lower than its liquidus tempera- 
ture is formed and cooled to a temperature at which It 
has a predetermined liquid fraction and held from 30 
seconds to 60 minutes to allow nuclei in the molten alloy 
to grow larger, thereby resulting In thixotropic metal. 
This method provides relatively large particles of about 
1 00\i m and takes a considerably long processing time, 
and cannot be performed In a larger vessel than a pre- 
determined size. 

[0012] U.S. Patent No. 6,432,160 discloses a method 
for making a thixotropic metal slurry. This method In- 
volves simultaneously controlling the cooling and the 
stirring of molten metal to form a thixotropic metal slurry. 
In particular, after loading a molten metal into a mixing 
vessel, a stator assembly positioned around Ihe mixing 
vessel is operated to generate a magnetomotive force 
sufficient to stir the molten metal in the vessel rapidly. 
Next, the temperature of the molten metal is rapidly 



dropped by means of a thermal jacket equipped around 
the mixing vessel for precise control of the temperature 
of the mixing vessel and Ihe molten metal. The molten 
metal is continuously stirred during cooling cycle in a 
5 controlled manner. When the solid fraction of the molten 
metal is low, high stirring rate Is provided. As the solid 
fraction increases, a greater magnetomotive force is ap- 
plied. . 

[0013] Most of the above-described conventional 
io methods and apparatuses for manufacturing semi-solid 
metal slurries use shear force to break dendritic struc- 
tures into spherical structures during a cooling process. 
Since a force such as vibration is applied after the tem- 
perature of at least a portion of the molten metal drops 
15 below its liquidus temperature, latent heat is generated 
due to the formation of initial solidification layers. As a 
result, there are many disadvantages such as reduced 
cooling rate and Increased manufacturing time. In addi- 
tion, due to a non-uniform temperature between the in- 
ner wall and the center of the vessel, it is difficult to form 
fine, uniform spherical metal particles, This structural 
non- uniformity of metal particles will be greater if the 
temperature of the molten metal loaded into the vessel 
is not controlled. 

SUMMARY OF THE INVENTION 

[0014] The present invention provides a method and 
apparatus for manufacturing billets for thixocasting that 
have a fine, uniform, spherical particle structure, with 
improvements in energy efficiency and mechanical 
properties, cost reduction, convenience of casting, and 
shorter manufacturing time. 

[0015] The present invention providos a method and 
apparatus for manufacturing high quality billets for thix- 
ocasting in a continuous manner. 
[0016] In accordance with an aspect of the present in- 
vention, there is provided a method of manuf actu ring bil- 
lets for thixocasting, the method comprising: (a) apply- 
ing an electric field to a domain of a sleeve defined by 
first and second plungers inserted through each end of 
the sleeve and loading a molten metal Into the domain 
of the sleeve to form a semi-solid metallic slurry; (b) 
moving the first plunger toward the second plunger to 
compress the semi-solid metallic slurry and form a billet 
via cooling; and (c) shifting the billet toward the second 
plunger to discharge the biliet from the sleeve. 
[0017] Another method of manufacturing billets for 
thixocasting according to the present Invention may 
comprise, after step (b), (c*) shifting the billet toward the 
second plunger and moving the first plunger. backward 
to allow for a domain between the billet and the first 
plunger that is the same in size as the domain Initially 
defined between the first and second plungers and re- 
peating steps (a) and (b) to continuously form another 
billet, wherein step (c 1 ) is repeated to continuously form 
a number of billets. 

[0018] According to specific embodiments of the 
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above methods according to the present Invention, ap- 
plying the electromagnetic field to the domain may be 
performed prior to, at the start, or In the middle of loading 
the molten metal into the sleeve. Applying the electro- 
magnetic field to the sieeve may be sustained until the s 
molten metal in the domain of the sleeve has a solid frac- 
tion of 0.001-0.7, preferably, 0.001 -0.4, more preferably, 
0.001-0.1. 

[0019] An alternatively method of manufacturing bil- 
lets for thlxocasting according to the present Invention 10 
may further comprise cooling the molten metal after 
loading into the domain under the electromagnetic field. 
Cooling the molten metal may be sustained until the 
molten metal in the domain has a solid fraction of 
0.1-0.7, for example, at a rate of 0.2-5.0°C/sec, prefer- 1$ 
ably, 0.2-2.0°C/sec. 

[0020] I n accordance with another embodiment of the 
present invention, there Is provided an apparatus for 
manufacturing billets for thlxocasting, the apparatus 
comprising: a stirring unit which includes a space and 20 
applies an electromagnetic field to the space; a sleeve 
which extends across the space of the stirring unit and 
includes a domain into which a molten metal is loaded; 
a first plunger which is inserted through an end of the 
sleeve to form a sidowall of the domain of the sleeve 25 
and is moved to compress a semi-solid slurry manufac- 
tured in the domain; and a second plunger which is In- 
serted through the other end of the sleeve to form the 
other sidewall of the domain of the sleeve and which is 
kept in place when the first plunger is moved to com- so 
press the slurry and Is moved backward after a billet 
having a predetermined size has been formed as a re- 
sult of the compression. 

[0021] In an apparatus for manufacturing billets for 
thixocasting according to the present invention, the 35 
sleeve may comprise a billet discharge hole in its lower 
surface a predetermined distance away from the do- 
main toward the second plunger. 
[0022] According to specific embodiments of the 
present Invention, the stirring unit may apply the elec- *o 
tromagnetic field prior to, at the start, or in the middle of 
loading the molten metal Into the sleeve. The stirring unit 
may apply the electromagnetic file until the molten metal 
in the sleeve has a solid fraction of 0.001 -0.7, preferably, 
0.001-0.4, more preferably, 0.001-0.1 . 
[0023] Alternatively, the sleeve of the apparatus may 
comprise a temperature control element. In this case, 
the temperature control element may comprise at least 
one of a cooler and an electrical heater. The tempera- 
ture control element may cool the molten metal In the so 
sleeve to reach a solid fraction of 0.1 -0.7, for example, 
at a rate of 0.2-6.0°C/sec, preferably, 0.2-2.0° C/sec. 

BRIEF DESCRIPTION OF THE DRAWINGS 

55 

[0024] The above and other features and advantages 
of the present Invention will become more apparent by 
describing In detail exemplary embodiments thereof 



with reference to the attached drawings in which: 

FIG. 1 Is a graph of temperature profile applied in 
manufacturing billets for thixocasting according to 
the present Invention; 

FIGS. 2 through 7 illustrate the structure and the 
operation of an apparatus for manufacturing billets 
for thixocasting according to an embodiment of the 
present invention; and 

FIGS. 8 through 10 illustrate the structure and the 
operation of an apparatus for manufacturing billets 
for thlxocasting according to another embodiment 
of the present invention. 

DETAILED DESCRIPTION OF THE INVENTION 

[0025] The preset invention will be described more 
fully in the following exemplary embodiments of the In- 
vention with reference to the accompanying drawings. 
[0026] Billets used in thixocasting are manufactured 
by rheocasting. Therefore, a manufacturing method of 
billets for thixocasting according to the present invention 
is based on rheocasting. The manufacturing method of 
billets for thixocasting, in other words, a rheocasting 
method, according to the present invention will be de- 
scribed with reference to FIG. 1 . 

[0027] Unlike the above-described conventional tech- 
niques, a rheocasting method according to the present 
invention involves manufacturing a semi-solid metallic 
slurry from a molten metal in a sleeve and applying pres- 
sure to the semi-solid metallic slurry to form billets of a 
predetermined size. In particular, according to the 
present Invention, an electromagnetic field is applied 
prior to the completion of loading the molten metal into 
the sleeve, so as to stir the molten metal. In other words, 
electromagnetic stirring is performed prior to, at the 
start, or in the middle of loading the molten metal into 
the sleeve, to prevent formation of dendritric structures. 
Ultrasonic waves instead of the electromagnetic field 
can be applied for stirring. 

[0028] In particular, an empty sleeve is located in a 
space of a manufacturing apparatus. An electromagnet- 
ic field is applied to a predetermined slurry manufactur- 
ing domain of the sleeve. The intensity of the applied 
electromagnetic field Is strong enough to stir motten 
metal. 

[0029] FIG. 1 is a graph of temperature profile applied 
in manufacturing billets for thlxocasting according to the 
present Invention. As shown in FIG. 1, molten metal is 
loaded into the sleeve at a temperature Tp. As described 
above, the molten metal may be loaded into tho sleeve 
after applying an electromagnetic field to the sleeve. 
However, the present invention is not limited to this, and 
electromagnetic stirring may be performed at the start 
or In the middle of loading the molten metal Into the 
sleeve. 

[0030] Dueto the electromagnetic stirring initiated pri- 
orto the completion of loading molten metai into theslur- 
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ry, the molten metal does not grow into dendritic struc- 
tures near the Inner wall of the sleeve at the early stage 
of solidification, and numerous micronuclci are concur- 
rently generated throughout the sleeve because the 
temperature of the entire molten metal rapidly drops to 
a temperature lower than its liqutdus temperature. 
[0031 J Applying an electromagnetic field to the sleeve 
prior to or at the start of loading molten metal into the 
sleeve leads to active stirring of the molten metal at the 
center and the inner wall regions of the sleeve and rapid 
heat transfer throughout the entire molten metal in the 
sleeve, thereby suppressing the formation of solidifica- 
tion layers near the inner wall of the sleeve at the early 
stage of cooling. In addition, such active stirring of the 
molten metal induces smooth convection heat transfer 
between the higher temperature molten metal and the 
lower temperature Inner sleeve wall, so that the entire 
molten metal can be cooled rapidly. Due to the electro- 
magnetic stirring, particles in the molten metal scatter 
upon loading into the sleeve and disperse throughout 
the sleeve as nuclei, so that there is rare a temperature 
difference throughout the sleeve during cooling. How- 
ever, in conventional techniques where molten metal is 
stirred after the completion of loading into a elcevo, the 
temperature of the molten metal suddenly drops as soon 
as it contacts the low temperature Inner sleeve wall, so 
that dendritic crystals grow from solidification layers 
formed near the inner slurry vessel wall at the early 
stage of cooling. 

[0032] The principles of the present invention will be- 
come more apparent when described in connection with 
latent heat of solidification. In a rheocasting method ac- 
cording to the present invention, molten metal does not 
solidify near the inner sleeve wall at the early stage of 
cooling, and no latent heat of solidification Is generated. 
Accordingly, the amount of heat to be dissipated from 
the molten metal forcooling Is equivalent only to the spe- 
cific heat of the molten metal that corresponds to about 
1/400 of the latent heat of solidification. Therefore, den- 
drites, which are generated frequently near the inner 
sleeve wall at the early stage of cooling when using con- 
ventional methods, are not formed, and the entire mol- 
ten metal throughout the sleeve can be uniformly 
cooled. It takes merely about 1-10 seconds from the 
loading of the molten metal. As a result, numerous nu- 
clei are created and disperse uniformly throughout the 
entire molten metal in the sleeve. The increased density 
of nuclei shortens the distance between the nuclei, and 
spherical particles Instead of dendritic particles are 
grown. 

[0033] The same effects can be achieved even when 
an electromagnetic field Is applied in the middle of load- 
ing the molten metal Into the sleeve. In other words, so- 
lidification layers are hardly formed near the inner 
sleeve wall even when electromagnetic stirring begins 
in the middle of loading the molten metal into the sleeve. 
[0034] It is preferable that the temperature, Tp, of the 
molten metal be maintained In a range from its liquidus 



temperature to 100°C above the liquidus temperature 
(melt superheat = 0-100°C) at the time of being loaded 
into the sleeve. According to the present invention, since 
the entire sleeve containing the molten metal is cooled 
5 uniformly, it allows for the loading of the molten metal 
into the sleeve at a temperature of 100°C above its liq- 
uidus temperature, without the need to cool the temper- 
ature of the molten metal to near its liquidus tempera- 
ture. 

10 [0035] On the other hand, in conventional methods, 
an electromagnetic field is applied to a slurry vessel after 
the completion of loading molten metal into the slurry 
vessel and a portion of the molten metal has reached 
below its liquidus temperature. Accordingly, latent heat 

15 js generated due to the formation of solidification layers 
near the inner wall of the vessel at the early stage of 
cooling. Because the latent heat of solidification Is about 
400 times greater than the specific heat of the molten 
metal, it takes much time to drop the temperature of the 

20 entire molten metal below its liquidus temperature. 
Therefore, in these conventional methods, the molten 
metal is loaded into the vessel after the molten metal 
has cooled to a temperature near its liquidus tempera- 
ture or to a temperature of 50° C above its liquidus tem- 

25 perature. However, in practice, controlling the overall 
manufacturing procedure is not easy when there is such 
a need to wait for a temperature drop of the molten metal 
to a predetermined level. 

[0036] According to the present Invention, the electro- 
30 magnetic stirring may be stopped at any point after at 
least a portion of the molten metal In the sleeve reaches 
a temperature lower than its liquidus temperature T h i. 
e., after nuclei are created in the molten metal at a solid 
fraction of about O.001 , as illustrated in FIG, 1 . For ex- 
05 ample, an electromagnetic field may be applied to the 
sleeve throughout all processes of loading molten metal 
Into the sleeve, cooling the molten metal into a semi- 
solid slurry, and applying pressure to form billets. This 
is because, once nuclei are distributed uniformly 
40 throughout a slurry manufacturing domain of the sleeve, 
the electromagnetic stirring does not affect the growth 
of crystalline particles from the nuclei in the metallic slur- 
ry. 

[0037] Therefore, the electromagnetic stirring can be 
43 sustained only during the manufacture of the metallic 
slurry, until the solid fraction of the molten metal reaches 
at least 0.001 -0.7. However, the electromagnetic stirring 
may be sustained until the solid fraction of the molten 
metal in the sleeve manufacturing domain of the sleeve 
50 reaches the range of, preferably, 0.001-0.4, more pref- 
erably, 0,001 -0.1 , for energy efficiency. 
[0038] After loading a molten metal Into the slurry 
manufacturing domain of the 6leeve and allowing nuclo- 
ation of a uniform distribution In the molten metal, the 
55 slurry manufacturing domain is cooled to accelerate the 
growth of the nuclei. This cooling may be concurrent 
with the loading of the molten metal into the slurry man- 
ufacturing domain. As described above, the electromag- 
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netic stirring may be sustained throughout all the cooling 
process, 

[0039] Alternatively, the cooling process may be sus- 
tained throughoutthe formation of billets from a resulting 
semi-solid metallic slurry by applying pressure, prefer- s 
ably, sustained until the molten metal has a solid fraction 
of 0.1-0.7, this point of time being denoted as t 2 in FIG. 
1 . In this case, the molten metal may be cooled at a rate 
of 0.2-5.0°C/sec. However, the cooling rate of the mol- 
ten metal may be varied In the range of 0.2-2.0°C/sec 10 
depending on a desired nuclei distribution and granular- 
ity. 

[0040] Immediately after the manufacture of a semi- 
solid metallic slurry having a predetermined solid frac- 
tion according to the above-described method, the 1* 
semi-solid metallic slu rry is processed by applying pres- 
sure and cooling to form billets for thlxocasting. 
[0041] In the above-described method according to 
the present Invention, a semi-solid metallic slurry can 
be manufactured within a short time, merely in 30-60 ?<> 
seconds from loading the molten metal into the sleeve 
for a metallic slurry with a solid fraction of 0.1-0.7. In 
addition, billets having a uniform, dense spherical par- 
ticle structure can be manufactured from the semi-solid 
metallic slurry formed by the method. 25 
[0042] An apparatus for manufacturing billets for thix- 
ocasting based on the above-described rheocastrng 
method according to an embodiment of the present in- 
vention will be described with reference to FIGS. 2 
through 7. 30 
[0043] Referring to FIG. 2, an apparatus for manufac- 
turing billets for thlxocasting according to an embodi- 
ment of the present invention includes a stirring unit 1 
having a space 11 and coiled electromagnetic field ap- 
plication portions 1 2 and 1 3 arranged around the space 35 
1 1 ; a sleeve 2 extending across the space 11 of the stir- 
ring unit 1 ; a first plunger 3 inserted Into an end of the 
sleeve 2; and a second plunger 4 Inserted Into the other 
end of the sleeve 2. 

[0044] I n the stirring unit 1, the space 11 andthecoiled *o 
electromagnetic field application portions 12 and 13 are 
fixed by means of a frame (not shown). The colled elec- 
tromagnetic field application portions 12 and 13 ema- 
nate a predetermined intensity of electromagnetic field 
towards the space 1 1 so as to stlrthe molten metal load- 45 
ed Into the sleeve 2 and is electrically connected to a 
controller (not shown) which controls the intensity of the 
electromagnetic field generated by the coiled electro- 
magnetic field application portions 12 and 13, their op- 
erating duration, etc. Any coiled apparatus for electro- bo 
magnetic stirring may be used for the coiled electromag- 
netic field application portions 12 and 13 without limita- 
tions. In addition, the stirring unit 1 may be Implemented 
to be able to apply ultrasonic waves, instead of the elec- 
tromagnetic field, for stirring. 55 
[0045] As shown In FIG. 2, the coiled electromagnetic 
field application portions 1 2 and 1 3 apply an electric field 
to the sleeve 2, In particular, to a slurry manufacturing 



domain 21 of the sleeve 2 and a slurry funnel 23 formed 
to extend above a slurry loading hole 22 of the sleeve 
2. Alternatively, the upper coiled electromagnetic field 
application portion 12 may be formed to a height that 
corresponds to the height of the slurry funnel 23. Ac- 
cordingly, molten metal can be thoroughly stirred prior 
to being loaded into the sleeve 2. 
[0046] As described above, the application of the 
electromagnetic field may be sustained throughout all 
processes, even when a semi-solid slurry is com- 
pressed to form billets. However, the application of the 
electromagnetic field may be sustained up to the man- 
ufacture of the semi-solid slurry, for example, sustained 
until the solid fraction of the molten metal reaches at 
least 0.001-0.7, preferably 0.001-0.4, more preferably 
0.001-0.1 , for energy efficiency. The duration of apply- 
ing the electromagnetic field can be experimentally de- 
termined for practical application. 
[0047] In the billet manufacturing apparatus accord- 
ing to the present invention, the sleeve 2 serves as a 
slurry vessel In which a semi -so I Id metallic slu rry is man- 
ufactured from molten metal with electromagnetic field 
stirring and as a mold for manufacturing billets. As de- 
scribed above, electromagnetic stirring must be initiated 
prior to the completion of loading molten metal into the 
sleeve 2. 

[0048] The first plunger 31 is inserted into an end of 
the sleeve 2, and the second plunger 32 is inserted into 
the other end of the sleeve 2. The first plunger 31 and 
the second plunger 32 are separated a predetermined 
distance from one another with the slurry manufacturing 
domain 21 therebetween. In other words, the first plung- 
er 31 and the second plunger 32 form the sidewails of 
the slurry manufacturing domain 21 . An electromagnetic 
field is applied to the slurry manufacturing domain 21 by 
the stirring unit 1, and a molten metal is loaded into the 
slurry manufacturing domain 21 via a loading unit 4, 
such as a ladle. The slurry loading hole 22 is formed on 
the top of the sleeve 2. The slurry funnel 23 extends from 
the slurry loading hole 22 to above the stirring unit 1 so 
as to make it easier to pour molten metal from the load- 
ing unit 4 via the slurry loading hole 21 Into the sleeve 2. 
[0049] The sleeve 2 may be made of a metallic mate- 
rial or an insulating material, such as alumina or alumi- 
num nitride. For a metallic sleeve 2, a metal having a 
higher melting point than the molten metal to be loaded 
therein is preferable. Although not Illustrated In FIG. 2, 
a thermocouple may be installed In the sleeve 2 con- 
nected to the controller (not shown) to provide temper- 
ature Information on the sleeve 2 to the controller. 
[0050] In an alternative embodiment, the sleeve 2 
may comprise a temperature control element 25, as Il- 
lustrated in FIG. 2. The temperature control element 25 
may be comprised of a cooler and/or a heater. A pre- 
ferred example of a cooler may be a cooling water pipe 
26 embedded In a support block 27 to be able to sur- 
round the sleeve 2, like a water Jacket, as shown in FIG. 
2. An additional heater (not shown), for example, an 
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electrical heater, may be externally disposed near the 
sleeve 2. A coiled electrical heater may be used. It is 
obvious that a thermocouple (not shown) can be in- 
stalled in the sleeve 2. Although the temperature control 
e!ement25 in FIG. 2 is illustrated as being over the entire 5 
sleeve 2, the temperature control element 25 may be 
formed only in a limited area near the slurry manufac- 
turing domain 21 . 

[0051 J The molten metal loaded in the sleeve 2 can 
be cooled at an appropriate rate by the temperature con- 10 
trol element 25 until the molten metal reaches a solid 
fraction of 0.1-0.7. The cooling rate may be controlled 
lo be 0.2-5°C/sec ( preferably, 0.2-2°C/sec. As de- 
scribed above, cooling may be performed after or during 
electromagnetic stirring or at the start of loading molten '5 
metal into the sleeve 2. In forming billets from a resulting 
semi-solid slurry by applying pressure and cooling, the 
cooling rate may be raised by the temperature control 
element 25. 

[0052] The first plunger 31 and the second plunger 32 20 
inserted into each end of the sleeve 2 are connected to 
separate cylindrical pressing apparatuses (not shown) 
to be able to reciprocate forward and backward like a 
piston. The first plunger 31 Is kept In place and forms a 
sidowall of the slurry manufacturing domain 21 during 25 
tho application of an electromagnetic field and the cool- 
ing of molten metal to form a semi-solid slurry and is 
moved forward to compress the semi-solid slurry after 
formation. The second plunger 32 is kept in place to form 
the other sidewalJ of the slurry manufacturing domain so 
21 during the manufacture of the semi-solid slurry and 
when the semi-solid slurry is compressed by the first 
plunger 31 to form a billet of a predetermined size. Tho 
first plunger 31 is moved backward to allow for room for 
the slurry manufacturing domain 21 . 35 
[0053] Next, a process of manufacturing billets for 
thixocasting in the above-described apparatus accord- 
ing to an embodiment of the present invention will be 
described with reference to FIGS. 1 through 7. 
[0054] Initially, the coiled electromagnetic field appli- 40 
cation portions 1 2 and 13 of the stirring unit 1 , shown in 
FIG. 2, apply an electromagnetic field having a prede- 
termined frequency to the space 1 1 at a predetermined 
intensity. As a nonlimiting example, the coiled electro- 
magnetic field application portions 1 2 and 1 3 may apply *s 
a 60-Hz electromagnetic field at a voltage of 250V and 
an intensity of 500 Gauss. 

[0055] In this state, a molten metal prepared in a sep- 
arate furnace (not shown) is transferred into the loading 
unit 5, for example, a ladle, and loaded Into the slurry so 
manufacturing domain 21 of the sleeve 2 under the elec- 
tromagnetic field. Alternatively, the furnace may bo con- 
nected to the sleeve 2 to allow direct loading of molten 
metal into the sleeve 2. As described above, the molten 
metal can be loaded Into the sleeve 2 at a temperature 55 
of 100°C above its llquldus temperature, Prior to the 
loading of the molten metal Into the slurry manufacturing 
domain 21 , which is formed in the sleeve 2 by the first 



plunger 31 and the second plunger 32, inert gas, such 
as N 2 , Ar, etc., is supplied via a gas inlet 24 into tho 
slurry manufacturing domain 21 in order to prevent ox- 
idation of the molten metal. 

[0056] When truly molten metal is loaded into the slur- 
ry manufacturing domain 21 of the sleeve 2 under elec- 
tromagnetic stirring, fine particles are uniformly distrib- 
uted over the slurry manufacturing domain 21 and grow 
fast without forming dendritic structures. 
[0057] Alternatively, the electromagnetic field may be 
applied at the start or in the middle of loading the molten 
metal into the sleeve 2, as described above. 
[0058] In addition, the application of the electromag- 
netic field may be sustained throughout the formation of 
billots, as described above. However, the application of 
the electromagnetic field may be sustained until the sol- 
id traction of the molten metal reaches at least 
0.001-0.7, preferably 0.001-0.4, more preferably 
0,001-0.1, for energy efficiency. The duration of apply- 
ing the electromagnetic field can be experimentally de- 
termined for practical application. 
[0059] After the termination of applying the electro- 
magnetic field or during the application of the electro- 
magnetic field, the molton motal in tho sloove 2 is cooled 
at a predetermined rate into a semi-solid metallic slurry 

51 having a.solld fraction of 0.1-0.7. The cooling rate is 
controlled by the temperature control element 25, I.e., 
cooling water flowing in the cooling water pipe 26, in- 
stalled on the outer wall of the sleeve 2, for example, to 
be 0.2-5°C/sec, preferably, 0.2-2°C/sec. The duration 
of cooling, In other words, the point of time being denot- 
ed as t 2 in FIG. 1 , for a solid fraction of 0.1 -07 is exper- 
imentally determined. 

[0060] After the manufacture of the seml-solld metal- 
lic slurry 51 is completed, the second plunger 32 In a 
state of being fixed in the sleeve 2, the first plunger 31 
is pushed toward the second plunger 32 to form a first 
billet 52 having a predetermined size, as shown in FIG. 
3, followed by rapid cooling at a higher rate using cooling 
water. 

[0061] After the formation of the first billet 52, the first 
plunger 31 is further pushed toward the second plunger 
32 to shift both the second plunger 32 and the first billet 
52, as shown in FIG. 4. Alternatively, the second plunger 
32 may be shifted separately from the first billet 53, not 
by the force of the first plunger 31 . 
[0062] The shifting distance of the second plunger 32 
and the first billet 52 is determined such that the end of 
the first billet 53 close to the first plunger 31 reaches the 
initial position of the end of the second plunger 52 facing 
the first plunger 52. This is to allow the shifted first billet 

52 to form the slurry manufacturing domain 21 together 
with the first plunger 31 for successive billet formation, 
which will be apparent in FIG. 5. 

[0063] Alternatively, forming the first billet 52 as illus- 
trated in FIG. 3 and shifting both the second plunger 52 
and the first billet 52 as illustrated in FIG. 4 may be per- 
formed as a single step after the manufacture of the 
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semi-solid metallic slurry as illustrated in FIG. 2. In par- 
ticular, afterthe semi-solid metallic slurry has been man- 
ufactured, the first plunger 31 is moved by a force that 
is enough to compress the semi-solid metallic slurry and 
form the first billet 52, while the second plunger 32 is 
moved backward keeping pace with the first plunger 31 . 
In this case, the first billet 52 is shifted out of the slurry 
manufacturing domain 21 under an electromagnetic 
field during manufacture, 

[0064] Afterthe second plunger 32 and the first billet 
52 have been shifted, the first plunger 31 is returned to 
its initial position to allow for the slurry manufacturing 
domain 21 between thefirst plunger 31 and the first billet 

52, as shown in FIG. 5. Next, a semi-solid metallic slurry 
51 for another billet Is manufactured in the slurry man- 
ufacturing domain 21 through the above-described elec- 
tromagnetic stirring and cooling processes according to 
the temperature profile of FIG. 1. Next, the seml-solld 
metallic slurry 51 is compressed by the first plunger 31 
to form a second billet 53 having a predetermined size, 
as shown in FIG. 6. The second plunger 32, thefirst billet 

53, and the second billet 53 are shifted by the first plung- 
er 31, and the first plunger 31 is returned to its initial 
position to form the slurry manufacturing domain 21 
again, as illustrated In FIG. 7. Additional billets can be 
successively formed through the above-described proc- 
esses. 

[0065] In the above-described method and apparatus 
for manufacturing billets for thlxocasting according to 
the present invention, a number of quality billets can be 
manufactured in a continuous manner. In this case, ad- 
jacent billets are likely to adhere to one another due to 
melting but can be easily separated. The number of bil- 
lets may be discharged after the second plunger 32 is 
removed from the sleeve 2. Alternatively, the manufac- 
tured billets may be discharged through an additional 
discharge hole formed in the sleeve 2. 
[0066] FIGS. 8 through 10 illustrate the structure and 
the operation of an apparatus for manufacturing billets 
forthixocastlng according to another embodiment of the 
present Invention, which differs from the previous em- 
bodiment in that each billet is discharged from the 
sleeve right after manufacture, Instead of being dis- 
charged at a time following the successive manufacture 
of a number of billets, The following description will be 
focused on this difference from the previous embodi- 
ment. 

[0067] The basic structure of the apparatus of FIG. 8 
is the same as that of the apparatus described In the 
previous embodiment. However, the apparatus of FIG. 
6 further comprises a billet discharge hole 28 in the 
sleeve 2 a predetermined distance apart away from the 
6lurry manufacturing domain 21 toward the second 
plunger 32, The size of the billet discharge hole 28 may 
correspond to the size of the billet. However, It is pref- 
erable that the billet discharge hole 28 is determined to 
be large enough to discharge various sizes of billets. In 
this embodiment, the temperature control element 25 Is 



designed not to cover the billet discharge hole 28 and 
not to affect billets discharged from the sleeve 2. 
[0068] Next, a process of manufacturing billets for 
thlxocasting in the above apparatus described with ref- 

5 erence to FIGS. 8 through 10 according to an embodi- 
ment of the present invention will be described. 
[0069] Initially, the coiled electromagnetic field appli- 
cation portions 12 and 1 3 of the stirring unit 1 , shown in 
FIG. 8, apply an electromagnetic field to the space 1 1 . 

10 In this state, a molten metal is loaded via the loading 
unit 5, for example, a ladle, into the sleeve 2 under the 
electromagnetic field. Here, the molten metal may be 
directly loaded from a furnace where the molten metal 
is manufactured into the sleeve 2, as described above. 

is Obviously, the molten metal can be loaded into the 
sleeve 2 at a temperature of 100°C above its llquidus 
temperature, Prlorto the loading of the molten metal into 
the slurry manufacturing domain 21 , which Is formed in 
the sleeve 2 by the first plunger 31 and the second 

20 plunger 32,= inert gas, such as N 2 , Ar, etc., is supplied 
via the gas Inlet 24 into the slurry manufacturing domain 
21 In order to prevent oxidation of the molten metal. 
[0070] Alternatively, the electromagnetic field may be 
applied at the start or in the middle of loading the molten 

25 metal into the slurry manufacturing domain 21, as de- 
scribed above. 

[0071 ] The loading of the molten metal is followed by 
cooling at a predetermined rate to form a semi-solid me- 
tallic slurry; 51 having a solid fraction of 0.1-0.7. The 

30 cooling rate is controlled by the temperature control el- 
ement 25, I.e., cooling water flowing in the cooling water 
pipe 26, installed on the outer wall of the sleeve 2, for 
example, to be 0.2-5°C/sec, preferably, 0.2-2° C/sec. In 
addition, the application of the electromagnetic field may 

35 be sustained throughout all the manufacturing process- 
es, as described above. However, the application of the 
electromagnetic field may be sustained until the solid 
fraction of the molten metal reaches at least 0.001-0.7, 
preferably 0.001 -0.4, more preferably 0.001-0.1 , for en- 

40 ergy efficiency. 

[0072] After the manufacture of the semi-solid metal- 
lic slurry 51 is completed, the second plunger 32 in a 
state of being fixed In the sleeve 2, the first plunger 31 
Is pushed toward the second plunger 32 to form a billet 

45 54 having a predetermined size, as shown in FIG. 9, fol- 
lowed by cooling. 

[0073] After the formation of the billet 54, the first 
plunger 31 Is further pushed toward the second plunger 
32 to discharge the billet 54 through the billet discharge 
so hole 28. At this time, the second plunger 32 Is also shift- 
ed backward by the force of the first plunger 31 . Alter- 
natively, the second plunger 32 may be shifted sepa- 
rately from the billet 54, not by the force of the first plung- 
er31. 

55 [Q074] After the discharge of the billet 54 from the 
sleeve 2, the first plunger 31 and the second plunger 32 
are returned to their initial position to define the slurry 
manufacturing domain 21 for another billet therebe- 
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tween. Next, the processes described with reference to 
FIGS. 8 through 10 are repeated many times to manu- 
facture a number of billets with a fine, uniform, spherical 
particle structure, wherein each billet is discharged after 
manufacture, through the billet discharge hole 28. In this 
embodiment, comparing to the previous embodiment 
described with reference to FIGS. 2 through 7, billets 
can be readily applied to a subsequent process with 
more efficiency, without the need to individually sepa- 
rate billets adhering to one another. 
[0075] As described above, a method and apparatus 
for manufacturing billets for thixocasting according to 
the present Invention are widely applicable to rheocast- 
ing and thixocasting with various kinds of metals and 
alloys, for example, aluminum, magnesium, zinc, cop- 
per, iron, and alloys of the forgoing metals. 
[0076] The method and apparatus for manufacturing 
billets for thixocasting according to the present Invention 
provide the following effects. 

[0077] First, billets having a uniform, fine, spherical 
particle structure can be manufactured even with alloys. 
[0078] Second, densely populated, uniform spherical 
particles can be formed with molten metal as a starting 
material in a short time through electromagnetic stirring 
Initiated at a temperature above the fiquidus tempera- 
ture of a source metal to generate more nuclei through- 
out the sleeve. 

[0079] Third, billets manufactured according to the 
present Invention have improved mechanical properties 
even when manufactured from alloys. 
[0080] Fourth, the duration of electromagnetic stirring 
is greatly shortened, thereby saving energy for the stir- 
ring. 

[0081] Fifth, the simplified overall process and the re- 
duced manufacturing duration improve productivity. 
[0082] Sixth, numerous bullets can be mass produced 
successively. 

[0083] While the present invention has been particu- 
larly shown and described with reference to exemplary 
embodiments thereof, it will be understood by those of 
ordinary skill in the art that various changes in form and 
details may be made therein without departing from the 
spirit and scope of the present invention as defined by 
the following claims. 



Claims 

1. A method of manufacturing billets for thixocasting, 
the method comprising: 

(a) applying an electric field to a domain of a 
sleeve defined by first and second plungers in- 
serted through each end of the sleeve and load- 
ing a molten metal into the domain of the sleeve 
to form a semi-solid metallic slurry; 

(b) moving the first plunger toward the second 
plunger to compress the semi-solid metallic 



slurry and form a billet via cooling; and 

(c) shifting the billet toward the second plunger 

to discharge the billet from the sleeve. 

5 2. The method of claim 1, after step (b), comprising 
(c') shifting the billet toward the second plunger and 
moving the first plunger backward to allow for a do- 
main between the billet and the first plunger that is 
the same In size as the domain initially defined be- 
10 tween the first and second plungers and repeating 
steps (a) and (b) to continuously form another billet, 
wherein step (c') is repeated to continuously form a 
number of billets. 

is 3. The method of claim 1 , wherein applying the elec- 
tromagnetic field to the domain is performed prior 
lo loading the molten metal Into the sleeve. 

4. The method of claim 1 , wherein applying the elec- 
ta tromagnetic field to the domain is performed at the 

start of loading the molten metal into the sleeve. 

5. The method of claim 1 , wherein applying the elec- 
tromagnetic field to the domain is performed In tho 

25 middle of loading the molten metal into the sleeve. 

6. The method of claim 1 , wherein applying the elec- 
tromagnetic field to the sleeve is sustained until the 
molten metal in the domain of the sleeve has a solid 

so fraction of 0.001-0.7. 

7. The method of claim 6, wherein applying the elec- 
tromagnetic field to the sleeve is sustained until tho 
molten metal in the domain of the sleeve has a solid 

35 fraction of 0.001 -0.4. 

8. The method of claim 7, wherein applying the elec- 
tromagnetic field to the sleeve is sustained until the 
molten metal in the domain of the sleeve has a solid 

40 fraction of 0.001-0.1. 

9. The method of claim 1 , further comprising cooling 
the molten metal after loading into the domain under 
the electromagnetic field. 

45 

10. The method of claim 9, wherein cooling the molten 
metal is sustained until the molten metal in the do- 
main has a solid fraction of 0.1-0.7. 

so 11. The method of claim 9, wherein cooling the molten 
metal la performed at a rate of 0.2-5. 0°C/sec. 

12. The method of claim 9, wherein cooling the molten 
metal is performed at a rate of 0.2-2. 0°C/sec. 

55 

1 3. An apparatus for manufacturing billets for thixocast- 
ing, the apparatus comprising: 
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a stirring unit which Includes a space and ap- 
plies an electromagnetic field to the space; 
a sleeve which extends across the space ot the 
stirring unit and includes a domain into which a 
molten metal is loaded; 
a first plunger which is Inserted through an end 
of the sleeve to form a sidewall of the domain 
of the sleeve and Is moved to compress a semi- 
solid slurry manufactured in the domain; and 
a second plunger which is inserted through the 
■^other end of the sleeve to form the other side- 
wall of the domain of the sleeve and which is 
kept in place when the first plunger is moved to 
compress the slurry and is moved backward af- 
ter a billet having a predetermined size has 
been formed as a result of the compression. 

14. The apparatus of claim 1 3, wherein the sleeve com- 
prises a billet discharge hole In Its lower surface a 
predetermined distance away from the domain to- 
ward the second plunger. 

15. The apparatus of claim 13, wherein the stirring unit 
applies the electromagnetic field prior to loading the 
molten metal into the sleeve. 

16. The apparatus of claim 13, wherein the stirring unit 
applies the electromagnetic field at the start of load- 
ing the molten metal into the sleeve. 

17. The apparatus of claim 13, wherein the stirring unit 
applies the electromagnetic field in the middle of 
loading the molten metal into the sleeve. 

18. The apparatus of claim 13, wherein the stirring unit 
applies the electromagnetic file until the molten 
metal in the sleeve has a solid fraction of 0.001 -0.7. 

19. The apparatus of claim 18, wherein the stirring unit 
applies the electromagnetic field until the molten 
metal in the sleeve has a solid fraction of 0.001 -0.4. 
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control element cools the molten metal In The sleeve 
at a rate of 0.2-5.0°C/sec. 

25. The apparatus of claim 24, wherein the temperature 
5 control element controls the molten metal In the 
sleeve at a rate of 0.2-2.0°C/sec. 
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20. The apparatus of claim 1 9, wherein the stirring unit 
applies the electromagnetic field until the molten 
metal In the sleeve has a solid fraction of 0.001-0.1 . 

21 . The apparatus of claim 1 3, wherein the sleeve com- 
prises a temperature control element. 

22. The apparatus of claim21 , wherein the temperature so 
control element comprises at least one of a cooler 
and an electrical heater. 

23. The apparatus of claim 21 , wherein the temperature 
control element cools the molten metal in the sleeve ss 
to reach a solid fraction of 0.1-0.7. 



24. The apparatus of claim 21 , wherein the temperature 
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